Epigenetic reprogramming in the germline provides a developmental model to study the erasure of epigenetic memory as it occurs naturally in vivo in the course of normal embryonic development. Our data show that germline reprogramming comprises both active DNA demethylation and extensive chromatin remodelling that are mechanistically linked through the activation of the base excision DNA repair pathway involved in the DNA demethylation process. The observed molecular hallmarks of the germline reprogramming exhibit intriguing similarities to other dedifferentiation or regeneration systems, pointing towards the existence of unifying molecular pathways underlying cell fate reversal. Elucidation of molecular processes involved in the resetting of epigenetic information in vivo will thus add to our ability to manipulate cell fate and to restore pluripotency in in vitro settings.
INTRODUCTION
Embryonic development begins in the zygote where maternal and paternal genomes combine following fertilization (figure 1). The epigenetic information carried by mature gametes to the embryo has been shown to be essential for further embryonic developmenta phenomenon that gave basis to the postulation of genomic imprinting [1, 2] . Soon after fertilization (4 -6 h post-fertilization in the mouse), the paternal genome undergoes a wave of genome-wide DNA demethylation that affects single copy genes as well as repetitive elements [3, 4] . Interestingly, the genomic imprints sustain through this process and are propagated during the whole embryonic development. The zygotic DNA demethylation is targeted specifically to the paternal pronucleus while the maternal genome seems to be unaffected [3, 4] . The epigenetic asymmetry between the parental genomes is further exemplified by the asymmetry in chromatin configuration-the paternal chromatin is preferentially associated with histone variant H3.3, while the maternal pronucleus is generally enriched in repressive histone modification marks such as H3K27me3 and H3K9me2 [5 -7] . While some of the parent-of-origin-specific chromatin differences persist through the syngamy and first one to two cleavage divisions, the differences in DNA methylation between the parental genomes seem to disappear during the course of preimplantation development owing to the passive loss of DNA methylation [5, 6, 8] .
The appearance of pluripotent cells in the inner cell mass (ICM) of the mouse blastocyst is connected with another wave of major epigenetic changes-the Nanog expressing ICM cells of the female mouse embryos undergo re-activation of the inactive X chromosome (Xi) that is observable by the loss of association of Xi with the non-coding Xist RNA and by the loss of enrichment of Ezh2 and Eed as well as of polycomb H3K27me3 marks localized to the Xi [6] . This erasure of imprinted X inactivation is potentially a readout of underlying changes in the chromatin configuration, which may occur in a gender non-specific manner. It should be noted that the reactivation of Xi has been well documented in the case of mouse embryos; the clear evidence for existence of this phenomenon in other species is however still missing. The formation of post-implantation pluripotent epiblast is further connected with the induced expression of the DNA methyltransferase Dnmt3b followed by a wave of de novo DNA methylation [9] .
The last wave of major epigenetic reprogramming occurs in the developing germline; the post-migratory primordial germ cells (PGCs) residing in the genital ridges undergo genome-wide DNA demethylation, which includes erasure of genomic imprints and extensive chromatin remodelling (see below) as well as reactivation of Xi in female embryos [5, 10, 11] . It is at this point that the epigenome reaches its most 'naive' state during the development and sets the scene for the acquisition of new epigenetic information and genomic imprints that will be transmitted to the next generation through mature gametes (figure 1).
TOWARDS THE EPIGENETIC 'GROUND STATE'
The key biological function of every organism is to reproduce. In mammals, the basis of the future *petra.hajkova@csc.mrc.ac.uk. generation is formed with the appearance of PGCs (future gametes) in the gastrulating embryo [5] . These cells will create functional gametes and eventually restore totipotency upon fertilization in the zygote. In the mouse, the germ cell precursors are formed from the pluripotent epiblast cells through the interaction of signalling pathways and transcriptional networks [12] . The specification of early PGCs is dependent on the expression of several key germline factors such as Blimp1 and Prdm14, and the absence of either of these proteins causes early loss of germ cells [13, 14] . The transcriptional network operating in specified PGCs shows clear similarities to the described core pluripotency transcriptional network [5] . While Oct4 is continuously expressed from epiblast through to the nascent Blimp1-positive PGCs, Sox2 expression is transiently downregulated in early Blimp1-positive cells [15] . Nanog, another core transcriptional regulator of pluripotency, starts to be expressed in the germline only around embryonic day (E) 7.75 [16, 17] . The importance of the pluripotency-associated transcriptional network for the maintenance of the embryonic germline is documented by the experiments using germline-specific deletion of Oct4 and Nanogdeletion of either of the factors results in apoptosis of germ cells [17] [18] [19] . Initial observations on chimeras produced from Nanog null embryonic stem (ES) cells showed disappearance of PGCs around the time of epigenetic reprogramming [19] . These experiments hence suggested a potential role of Nanog in the reprogramming process. However, an independent study using the in vivo knockdown approach of Nanog revealed a gradual loss of PGCs prior to the reprogramming step, supporting the notion that Nanog is involved in the maintenance of the germline [17] .
From the epigenetic perspective, the nascent PGCs are successors of epiblast cells and as such they have acquired layers of epigenetic information including DNA methylation and numerous histone modifications in a manner similar to other epiblast cells that will give rise to the soma. However, following the specification, the chromatin of germ cells starts to change. The arginine methyltransferase Prmt5 translocates to the nucleus of PGCs, where it forms a complex with the transcriptional regulator Blimp1 and drives repressive modification of histones H2A and H4 (H2A/H4R3me2s) [20] . Additionally, repressive H3K9me2 disappears from the chromatin of germ cells owing to the transcriptional downregulation of Glp1 which is a key component of the G9a/Glp1 histone methyltransferase complex [21 -23] . Loss of H3K9me2, a hallmark of facultative heterochromatin, is counteracted by the upregulation of Ezh2 and H3K27me3 modification deposited by the core component of the PRC2 polycomb complex [21] [22] [23] . The importance of chromatin re-configuration in the early germline is documented by the experiments using the Prdm14 knockout model-PGCs lacking this factor fail to downregulate H3K9me2 and to upregulate the polycomb system which leads to their failure to give rise to pluripotent embryonic germ (EG) cells in culture [14] . The early chromatin changes set the germline apart from the surrounding soma and are potentially crucial for the successful reprogramming step that occurs later when PGCs reside in the genital ridges.
In order to give rise to functional gametes, PGCs need to reset epigenetic information including the genomic imprints. The existence of the erasure step in the germline was first documented by Monk and colleagues [24] , however the timing and kinetics of the process have been further refined only in 2002 [10] . The studies revealed that the erasure of imprinted DNA methylation occurs in post-migratory PGCs between E11.5 and E12.5 in a distinct step. Given the doubling time of PGCs (approx. 16 h), these findings clearly hinted towards an active DNA demethylation mechanism being a part of the reprogramming process [10] . Additionally, bisulphite analysis of various imprinted as well as non-imprinted genes showed that the DNA demethylation affects all examined regions (imprinted as well as non-imprinted). This data suggested an unprecedented scale of DNA demethylation, which has been further documented by recent studies [10, 25] .
It is interesting to note that among various cell types, it is only the developing PGCs that have the ability to erase all layers of epigenetic information. This includes not only the reversal of genomic imprints and erasure of most of the DNA methylation, but also major changes in histone modifications and histone variant composition (see below). Thus, in the context of mammalian development, the epigenome reaches the lowest point (contains the lowest amount of information) in the developing germ cells following the reprogramming step. PGCs are, however, highly specialized cells that will give rise only to gametes and thus it is important to note that the erasure of epigenetic information that occurs in PGCs and the occurrence of pluripotency and developmental naivety in the cells of the ICM of blastocyst are spatially and temporally separated during the embryonic development.
ROLE OF BASE EXCISION DNA REPAIR IN ACTIVE DNA DEMETHYLATION
Following PGC specification (completed by E7.5), the nascent PGCs start to migrate along the developing hindgut (from E8.5) until they reach the genital ridges at E10.5 (figure 2).
At E11.5, soon after their entry into the genital ridges, PGCs start to undergo pronounced changes in their nuclear architecture connected with the decondensation of heterochromatin, loss of chromocentres and increase in nuclear size [23] . Interestingly, this correlates with the upregulation of key factors involved in the base excision DNA repair (BER) pathway at the transcriptional as well as protein level [11] (figure 2). Induction of BER response in PGCs at this time is further documented by the presence of active poly (ADP)-ribose polymerase 1 (PARP1) as judged by the appearance of poly-ADP-ribose (PAR) polymers in the PGC nuclei as well as chromatin-bound XRCC1, indicating the presence of single-strand DNA (ssDNA) breaks. Importantly, these processes coincide with the loss of 5-methyl-cytosine (5mC), supporting the idea that, as observed in plants, active DNA demethylation in mammals proceeds through BER [11] (figure 2).
There are two waves of active DNA demethylation in mammalian development. The germline demethylation proceeds at E11.5 in post-migratory PGCs. Another wave of demethylation occurs in the zygote where the paternal pronucleus undergoes genome-wide loss of 5mC just a few hours following fertilization [6] ( figure 1 and table 1) . Interestingly, both developmental models of active DNA demethylation display similar hallmarks of BER activation. PARP1 as well as chromatin-bound XRCC1, signalling the presence of ssDNA breaks, are detected specifically in the paternal pronucleus of the zygote at the time of DNA demethylation. Additionally, small molecule inhibitors of BER inhibit the progression of DNA demethylation, further supporting the mechanistic link between those two processes [11] . While some of the previous studies have suggested a possible link between the nucleotide excision repair (NER) pathway and active DNA demethylation [26, 27] , it is noteworthy that no evidence has been found for NER involvement either in the germline or in zygotic DNA demethylation [11] . The cumulative evidence thus points towards at least some level of mechanistic conservation between DNA demethylation processes in mammals and plants.
Investigation of the molecular mechanism implicated in active DNA demethylation in flowering plants revealed the existence of the 5mC-specific glycosylases, Dme1 and Ros1 [28 -30] . As proteins homologous to Dme1 or Ros1 have not been found in higher vertebrates, the molecular events leading to the activation of BER in the course of active DNA demethylation in mammals remain to be elucidated. 5mC can be either targeted and excised directly by a yet unknown DNA glycosylase or, alternatively, BER response can be triggered by further chemical modification of 5mC (figure 3). To this end, DNA deaminases Aid and Apobec1 have been shown to deaminate 5mC to T in vitro [31] . In vivo, in the context of a double-stranded DNA template, the resulting T-G mismatch could be recognized and further processed by the T-G mismatch glycosylases Tdg1 or Mbd4. Alternatively, the modification of 5mC to 5-hydroxymethyl-cytosine (5hmC) has recently been reported [32, 33] and the presence of this modified base could potentially trigger the BER response ( figure 3) .
Possible involvement of DNA deaminases Aid or Apobec1 in the active DNA demethylation in vivo has also been recently suggested [34, 35] , including a mechanistic link between Aid and the active DNA demethylation in the mouse germline [25] . The genetic ablation of Aid has, however, only limited impact on the 5mC levels in PGCs and the expression of Aid is detectable only after the wave of DNA demethylation [11, 25] . Taken together with the fact that T-G mismatch glycosylases are either not detectable (Tdg) or that their loss has no impact on germline development or fertility (Mbd4), clear evidence for the involvement of DNA deamination in the context of mouse germline reprogramming is still missing [11] .
In contrast, there is a detectable upregulation of Tet1 responsible for the conversion of 5mC to 5hmC, specifically in the PGCs at the time of DNA demethylation [11] . While high levels of Tet1 and 5hmC are also seen in the zygote at the time of DNA demethylation (Rachel Amouroux, Aditya Sankar and Petra Hajkova 2010, unpublished data), further experiments are needed to elucidate the exact role of 5hmC in the process of active DNA demethylation during mouse development.
CHROMATIN REMODELLING IN THE PROCESS OF EPIGENETIC REPROGRAMMING
Besides DNA demethylation, the reprogramming process in PGCs is also associated with the loss of numerous histone modifications [23] . The loss of repressive histone marks (H3K9me3, H3K27me3 and H2A/H4R3me2s) as well as marks associated with active chromatin (H3K9ac) has been described and while some of the modifications disappear only for a few hours, a number of changes persist [23] . As the observed changes affect modifications of all four core histones, it is unlikely that the process is a result of a concerted action of numerous histone de-modification enzymes. Instead, we favour the explanation of nucleosome disassembly and histone replacement. This idea is also supported by observable changes in the composition of histone variants as well as relocalizaton of Nap-1, a histone chaperone involved in chromatin disassembly in vitro, to the nucleus of PGCs at the time of epigenetic reprogramming [23] .
The experimental evidence shows that in the course of germline epigenetic reprogramming, the onset of chromatin remodelling connected with the change of histone modification profile follows the onset of DNA demethylation [23] . The possible mechanistic link between those processes is provided by the activation of PARP1 observed in the course of BER response (figure 2). One of the hallmarks of the PGCs undergoing reprogramming is a transient loss of linker H1 histones [23] . In this context, PARP1 has been shown not only to replace H1 in the chromatin, but experimental evidence also shows that H1 is one of the preferred targets of PARP1 ribosylation activity and intensive ribosylation can potentially contribute to the removal/eviction of histones from the chromatin [36] [37] [38] . The connection between pronounced changes in chromatin compaction and the activation of PARP1 has been previously reported during the heat shock-driven transcriptional activation or in the course of DNA repair. It is also found in PGCs where the detection of PAR polymers in the germ cell nuclei undergoing reprogramming shows direct correlation with the level of chromatin decondensation [11,39 -41] .
Our data show that active DNA demethylation in PGCs is connected with the activation of BER involving active Parp1, which in turn could be a driving force behind the large-scale chromatin remodelling that follows the loss of 5mC [11] (figure 3). However, it is also possible that the activation of BER and Parp1 are only partially responsible for the observed chromatin remodelling and changes in histone modifications, and hence other independent molecular mechanisms could additionally contribute to the reprogramming process.
WHAT INFORMATION NEEDS TO BE ERASED?
Two major repressive systems, DNA methylation and polycomb silencing, contribute mechanistically to the propagation of epigenetic memory through cell divisions. In order to reset genomic imprinting, to erase the epigenetic modifications imposed during the embryonic development as well as to prevent the accumulation of epimutations induced by the environment, the germline has to intervene with both the DNA methylation and the polycomb silencing. It is interesting to note that this feature is a unique attribute of germline reprogramming as the reprogramming in the zygote and ICM/early post-implantation epiblast involves only the DNA demethylation and the erasure of polycomb marks, respectively (see above, figure 1  and table 1 ).
The cumulative evidence shows that the epigenetic reprogramming involves erasure of DNA methylation as well as numerous histone modifications (including H3K27me3 polycomb histone marks). Moreover, the reprogramming process in the mouse germline is also connected with the change in the histone variant composition as well as major changes in nuclear architecture. This suggests that the epigenetic information in PGCs is erased at numerous distinct levels possibly including the erasure of structural information embedded in the higher order chromatin folding [23] .
Upon completion of epigenetic reprogramming in PGCs at E11.5, the epigenome reaches the most 'naive' state in the development-the PGCs are devoid of most DNA methylation, they lack genomic imprints, have very low levels of H3K9me2 and transiently also have very low levels of H3K27me3. This state of the epigenome, which has no parallel in any other cell during development, creates a baseline for setting up of new information that will eventually be transmitted to the next generation through mature gametes. Notably, this epigenetically 'naive' state is acquired by highly specialized unipotent germ cells in a tightly regulated fashion (potentially through strong transcriptional networks) as erasure of epigenetic memory could lead to the reversal of developmental decision and possible change of cell fate.
THE ROLE OF EPIGENETIC REPROGRAMMING
The need for epigenetic reprogramming in the germline is possibly driven by the inductive type of germ cell specification in mammals [12] . The absence of the inherited germ plasm and the fact that the germ cell precursors originate from the post-implantation epiblast that has accumulated layers of epigenetic marks during early development may drive the need for the reprogramming step in the germline that ensures the erasure of this information. Alternatively, the necessity of the germline reprogramming is connected with the existence of genomic imprintingthe parent-of-origin marks carried by mature gametes are combined in the zygote and inherited by nascent PGCs from their precursors in post-implantation epiblast. These marks need to be erased and reset in a sex-specific manner in order to create future functional gametes.
Notably, epigenetic reprogramming occurs in the germline prior to the sex differentiation (E12.5) and the onset of meiosis (E13.5 in female germline). It is thus also possible that the reprogramming process is one of the requirements for the successful execution of meiosis. However, further, in-depth studies are needed to address this hypothesis. 
MECHANISTIC LINKS TO OTHER REPROGRAMMING SYSTEMS
Resetting of epigenetic information in the mammalian germline is a highly efficient process that is a key part of a normal developmental programme in the germline of every individual. Resetting of epigenetic information mechanistically underlies also the processes of cell fate switch, regeneration and regaining of pluripotency, and hence it is intriguing to investigate the possible parallels between these processes and the molecular hallmarks of the germline reprogramming. Extensive chromatin remodelling and heterochromatin decondensation have been observed in somatic cell nuclear transfer as well as during protoplast formation in plants and is one of the first observable features of the ongoing reprogramming process in both systems [42] [43] [44] . Changes in H3K9me as well as release of heterochromatin protein 1 (HP1) from chromatin observed during germline reprogramming have also been associated with the protoplast formation [43, 44] . Loss of linker histones and chromatin decondensation have been observed upon incubation of chicken erythrocytes with Xenopus egg extracts or upon transplantation of somatic nuclei into Xenopus eggs [45, 46] . Last but not least, a histone demethylase removing H3K27me3 polycomb marks which are also lost during germline reprogramming has been implicated in the regeneration process in zebrafish [47] .
Reversal of the differentiation programme and regaining of pluripotency followed by directed differentiation has been one of the major goals in regenerative medicine, and several in vitro systems have been designed and used in order to pursue the reversal of cell fate. Transfer of somatic cell nucleus into the enucleated oocyte (SCNT-somatic cell nuclear transfer) can lead, albeit with low frequency, to the reversal of somatic cell fate and re-acquisition of totipotency [48] . Reversal of the somatic cell programme is also observed upon transplantation of somatic nuclei into the Xenopus egg or upon fusion of a somatic cell with a pluripotent ES or EG cell [49 -51] . The latest advances in the field showed that reversal of somatic fate and regaining of pluripotency can be achieved through the delivery of four stem cell-related transcription factors into somatic cells [52] . However, even using this method, the efficiency of generating induced pluripotent stem (iPS) cells is relatively low. The efficiency can be increased by addition of drugs modulating chromatin structure, such as histone deacetylase (HDAC) inhibitors or inhibitors of H3K9 methyltransferase [53, 54] , adding to the notion that disruption of epigenetic memory is one of the key steps underlying cell fate reversal. Increase of reprogramming efficiency is also induced by drugs interfering with the maintenance of DNA methylation [55] and, interestingly, inefficient erasure of this epigenetic mark and persistence of the original somatic type of DNA methylation signature has been linked to the low efficiency of iPS generation [56, 57] .
OUTLOOK
Epigenetic reprogramming in the mouse germline provides a unique model to study molecular mechanisms underlying erasure of epigenetic memory as it occurs naturally in vivo. Detailed mechanistic understanding of this process and the connections between active DNA demethylation and chromatin remodelling will shed light on the processes connected with the cell fate reversal and regaining of pluripotency and will eventually help to design new, more efficient in vitro reprogramming protocols.
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